SUMMARY The local hemodynamic effects of serotonin (5-hydroxytryptamine; 5-HT) and the selective 5-HT 2 antagonist ketanserin were investigated in the forearm of 20 healthy volunteers. Single doses of 5-HT (0.1-80 ng/kg/min) and ketanserin (5-125 ng/kg/min) were administered intra-arterially. The relative a,-adrenergic receptor and 5-HT 2 blocking potencies of ketanserin were investigated using intra-arterial infusions of cumulative doses of methoxamine (0.1, 0.3, and 0.5 jiig/kg/min), tyramine (0.25, 0.50, and 1.25 /xg/kg/min), and 5-HT (10, 30, and 80 ng/kg/min) together with a low dose (5 ng/kg/min) and a high dose (50 ng/kg/min) of ketanserin. Forearm blood flow was measured by venous occlusion plethysmography. Heart rate and intra-arterial blood pressure were recorded semicontinuously. Intra-arterial infusion of 5-HT induced an initial transient vasodilatation, followed by a steady vasodilatation for the low doses of 5-HT (0.1-10 ng/kg/min; p < 0.05). A steady vasoconstriction was only obtained at the highest dose of 5-HT. Ketanserin induced a dose-dependent increase in forearm blood flow from 15 ng/kg/min (p < 0.05) onward. The vasodilatation induced by 5-HT (1 ng/kg/min) was significantly enhanced by ketanserin (125 ng/kg/min; p < 0.05), whereas the vasoconstriction elicited by 5-HT (80 ng/kg/min) was reversed by ketanserin (50 ng/kg/min; p < 0.05), thus confirming that 5-HT 2 receptors were stimulated by 5-HT. In this model ketanserin proved to be a more potent antagonist of a r adrenergic receptors than of 5-HT 2 receptors, since the vasoconstriction induced by methoxamine and tyramine was reduced by a lower dose of ketanserin than was the vasoconstriction induced by 5-HT. It is concluded that 5-HT acts predominantly as a vasodilator in healthy subjects, probably by 5-HT,-like receptor stimulation. Only at high doses of 5-HT did vasoconstriction mediated by 5-HT 2 receptor stimulation occur. The vasodilatation induced by ketanserin was due most likely to its a r adrenergic blocking properties. (Hypertension 11: 256-263,1988) KEY WORDS • serotonin • ketanserin • vasodilatation • vasoconstriction 5-hydroxytryptamine receptors • a-adrenergic receptors S EROTONIN (5-hydroxytryptamine; 5-HT) influences the vascular system in a complex manner, causing vasodilatation as well as vasoconstriction depending on the type of blood vessel involved and on the presence or absence of several physiological and pathological factors.
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1 " 6 A better understanding of the vascular effects of 5-HT has been facilitated by the recent introduction of a subdivision of vascular 5-HT receptors. 7 ' 8 According to this subdivision, at least two types of 5-HT receptors are assumed to be located in the vascular wall: 5-HT,-like receptors, which mediate vascular relaxation in several species, and 5-HT 2 receptors, which trigger vasoconstriction on stimulation with 5-HT. 7 "" This concept has been enhanced and extended by the development of selective agonists and antagonists for various 5-HT receptors. 12 " 19 The selective 5-HT 2 antagonist ketanserin is currently the prototype of a 5-HT 2 blocking agent, 12 ' l3 ' 15 -20 - 21 although it has an affinity for a,-adrenergic receptors as well. The antihypertensive properties of ketanserin have been well established, but the exact mechanism by which it lowers elevated blood pressure in humans remains to be elucidated. 22 " 25 Most investigations of the vascular effect of 5-HT and ketanserin have been performed in vitro or in laboratory animals (for reviews see References 9, 10, 26, 27) , whereas relatively few experimental data in humans are available. For this reason we explored the hemodynamic effects of 5-HT and ketanserin in the vascular bed of the human forearm.
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Subjects and Methods Twenty healthy male volunteers (mean age, 23 years; age range, 19-28 years) participated in this study. Their medical history, physical examination findings, and routine laboratory test results did not show evidence of any relevant disease. None of the subjects was receiving any medication at the time of the study or in the 2 weeks before the study. On the day of the study and 12 hours before, all subjects refrained from smoking and from drinking caffeine-containing beverages. Informed consent was obtained from all subjects, and the protocol was approved by the Ethics Committee of the Leiden University Hospital.
Procedures
The studies were performed in a quiet room with a temperature between 21.5 and 23.5°C. During the experiments the subjects were in the supine position with the nondominant arm stabilized slightly above the level of the heart. After local anesthesia of the skin, the brachial artery of the nondominant arm was cannulated in the cubital fossa. This cannula (Autocath 1453.13, Plastimed, Saint-Leu-la Foret, France) was used for infusion of drugs with a constant-rate infusion pump (Model 351, Sage Instruments, Cambridge, MA, USA) and for intra-arterial blood pressure (BP) recording with a Statham P23Id pressure transducer (Gould, Oxnard, CA, USA). Heart rate (HR) was derived from a continuously recorded one-lead electrocardiogram (ECG). Forearm blood flow (FBF) was measured three to five times per minute by venous occlusion plethysmography (Hokanson EC-2 plethysmograph, Issaquah, WA, USA), using mercury-in-Silastic strain gauges and a rapid cuff inflator (Hokanson E-10). Tracings of ECG, BP, and FBF were directly recorded on a polygraph (Mingograph 803, Siemens-Elema, Stockholm, Sweden). A personal computer (Model AT m , IBM, Armonk, NY, USA) extended with an analog-digital convenor (Model DT 2801, Data Translation, Marlborough, MA, USA) was used for Rwave-triggered control of the rapid cuff inflator and for on-line analysis of FBF, BP, and HR recordings.
a>M During the measurements of FBF, the blood flow in the hand was excluded from the circulation using a small wrist cuff, inflated to 40 mm Hg above the systolic blood pressure. The experiments started at least 45 minutes after cannulation of the brachial artery. Between the various infusions, the wrist cuff was deflated and sufficient time (30-60 minutes) was allowed for FBF to return to basal levels. Skin temperature was recorded continuously at the ventral surface of the forearm by an electronic thermometer (Model MC 9200, Exacon Scientific Instruments, Roskilde, Denmark).
Drugs and Solutions
The following drugs were infused into the brachial artery: 5-HT HCI (Janssen Chimica), methoxamine (Vasoxin, Wellcome), tyramine HCI (Merck), ketanserin (Janssen Pharmaceutica), propranolol (Inderal, ICI), and sodium nitroprusside (Merck). The drugs were dissolved in saline except for sodium nitroprusside, which was dissolved in 5% glucose. All solutions were prepared from sterile stock solutions and ampules on the day of the study and kept at 4°C until used.
Study Protocol

Infusions of Serotonin and Ketanserin
In seven healthy volunteers 5-HT was infused intra-arterially in single sequential doses of 1, 3, 10, 30, and 80 ng/kg/min. Subsequently, ketanserin was infused in doses of 5, 15, and 50 ng/kg/min, respectively. Each infusion lasted 10 minutes. The infusions of 5-HT were always given before the ketanserin infusions to avoid possible carryover effects of ketanserin. Finally, 5-HT (80 ng/kg/min) was infused together with ketanserin (50 ng/kg/min). The hemodynamic variables FBF, BP, and HR were recorded semicontinuously during the infusions. Basal values were obtained during the 2 minutes preceding each infusion. The averages of FBF, BP, and HR during the last 2 minutes of each infusion were used for further analysis.
Infusions of Serotonin, Ketanserin, and Propranolol
The preceding experiments were extended in six other healthy volunteers: 5-HT was infused intra-arterially in doses of 0.1, 0.3, and 1.0 ng/kg/min in the presence of saline (0.4 ml/min i.a.). Each dose was given for 8 minutes. Subsequently, the 1.0 ng/kg/min dose of 5-HT was repeated in the presence of increasing doses of ketanserin (5, 50, and 125 ng/kg/min) and one dose of propranolol (1 ^g/kg/min), in that order. A control experiment with the vehicle of ketanserin was performed in between the 5-HT infusions and the combined infusions. The infusions of saline, ketanserin, and propranolol were started 5 minutes before 5-HT was added. The hemodynamic variables FBF, BP, and HR were recorded semicontinuously, starting 2 minutes before each infusion. The average values corresponding to the last 2 minutes of each single or combined infusion were used for analysis.
Infusions of Serotonin, Methoxamine, Tyramine, and Ketanserin
The 5-HT 2 and a,-adrenergic receptor blocking properties of ketanserin were investigated in seven healthy volunteers. 5-HT, the selective a,-adrenergic receptor agonist methoxamine, and the indirect sympathomimetic drug tyramine were infused in a random order, in the presence of a continuous infusion of sodium nitroprusside (SNP, 3 ng/kg/min) to elevate the basal FBF up to the same level as expected during the infusion of ketanserin (50 ng/kg/min). Also given were cumulative dose infusions of 5-HT (10, 30, and 80 ng/kg/min), methoxamine (0.1, 0.3, and 0.5 ^tg/kg/ min), and tyramine (0.25, 0.5, and 1.25 /ig/kg/min). Each dose step was infused for 5 minutes. Subsequently, the infusions of 5-HT, methoxamine, and tyramine 258 HYPERTENSION VOL 11, No 3, MARCH 1988 were repeated in the presence of a low dose of ketanserin (5 ng/kg/min) together with SNP (3 ng/kg/min) and finally with a high dose of ketanserin alone (50 ng/kg/min). The infusions of SNP and ketanserin were started 5 minutes before the infusions of 5-HT, methoxamine, and tyramine, respectively. FBF, BP, and HR values recorded during the last 2 minutes of each dose step of the single and combined infusions were used for analysis.
Statistical Analysis
Results are given as means ± SEM. FBF values are expressed as percent changes from baseline. Wilcoxon's signed rank test for matched pairs and three-way analysis of variance were used to evaluate the statistical significance of the data. All p values lower than 0.05 were regarded as significant.
Results
In all experiments, changes in intra-arterial BP and HR were small and inconsistent, excluding important systemic hemodynamic effects of the doses used (Table 1). Infusion of saline (0.4 ml/min) or the vehicle of ketanserin did not significantly alter FBF. Baseline levels of FBF established in the various experiments are listed in Table 1 .
Infusions of Serotonin Alone
All doses of 5-HT studied in the two groups induced a transient increase in FBF within the first few minutes of the infusion (Figure 1 ). Dose dependency of this phenomenon could not be established, although at the lowest dose of 0.1 ng/kg/min only a minor effect was observed. The maximum transient increase of FBF recorded was 360% at the dose of 1 ng/kg/min (see Figure IB) . After this transient vasodilatation, FBF was increased relative to baseline by the lower doses of 5-HT (0.1-10 ng/kg/min; p < 0.05) and decreased relative to baseline by the highest dose of 5-HT (80 ng/kg/min; p < 0.05; see Figure 1 ). Based on the averaged effect of the last 2 minutes of each infusion, a dose-response curve for the vascular effect of 5-HT was constructed (Figure 2 ). This curve is clearly biphasic with a maximal vasodilatation of approximately 60 to 70% at the dose of 1 ng/kg/min and a significant vasoconstriction of approximately 34% at the dose of 80 ng/kg/min (p < 0.05; see Figure 2 ). Values are means ± SEM. FBF = forearm blood flow; 5-HT = serotonin; KET = ketanserin; PROP = propranolol; METH = methoxamine; TYR = tyramine; SNP = sodium nitroprusside.
•Doses of 5-HT and KET are given in ng/kg/min. statistically significant changes from the dose of 15 ng/kg/min onward, as shown in Figure 3 .
Simultaneous Infusions of Serotonin and Ketanserin
Percent changes of FBF during the combined infusions of 5-HT and ketanserin are shown in Figure 4 . Ketanserin (5 and 50 ng/kg/min) did not significantly influence the increase of FBF induced by a low dose of 5-HT (1 ng/kg/min), whereas this effect was slightly enhanced by ketanserin (125 ng/kg/min; p < 0.05, n = 6). However, ketanserin (50 ng/kg/min) reversed the vasoconstriction induced by 5-HT given in the vasoconstrictor dosage (80 ng/kg/min; p < 0.05, n = 5; see Figure 4 ).
Cumulative Dose Infusions of Serotonin, Methoxamine, and lyramine Together with Sodium Nitroprusside and Ketanserin Percent changes in FBF during these infusions are shown in Figures 5 and 6 . In the presence of SNP (3 ng/kg/min) a dose-dependent decrease of FBF was induced by methoxamine (p < 0.001; see Figure 5 ), tyramine {p < 0.001; see Figure 5 ), and 5-HT (NS; see Figure 6 ), respectively. Ketanserin (5 ng/kg/min) together with SNP slightly but significantly attenuated the vasoconstriction induced by methoxamine and tyramine (p < 0.001 for both; see Figure 5 ) but had no effect on the 5-HT response (see Figure 6 ). Ketanserin (50 ng/kg/min) further attenuated the response of methoxamine and tyramine (p < 0.001 for both; see Figure 5 ) and reversed the vasoconstrictor response to 5-HT (p < 0.001; see Figure 6 ).
Simultaneous Infusions of Serotonin and Propranolol
The vasodilatation induced by 5-HT (1 ng/kg/min) was not influenced by propranolol administration (change in FBF, 70 ± 16% before and 67 ± 10% after propranolol administration; n = 6, NS). Furthermore, the initial transient increase of FBF caused by 5-HT was not influenced by 0-blockade.
Effects on the Forearm and Skin Temperature
In all subjects the infusions of methoxamine induced local piloerection of the skin, which was not influenced by the infusions of ketanserin. Piloerection was also seen in five subjects during the infusions of tyramine. The highest dose of 5-HT caused erythema of the skin of the forearm in all subjects and a burning sensation and itching in three subjects. These effects completely disappeared within 10 to 15 minutes after discontinuation of the infusion. Erythema was markedly less when 5-HT was infused together with ketan- serin (50 ng/kg/min). No significant changes in skin temperature were observed. Discussion 5-HT induced a complex vascular response in the forearm, in which two phases could be distinguished: a transient, rapid vascular relaxation within the first few minutes after the start of the infusion, followed by a gradual vasodilatation for the lower doses of 5-HT and a vasoconstriction for the highest dose of 5-HT. These vascular responses were mediated by local effects of 5-HT in the forearm vasculature, since relevant changes in intra-arterial BP or HR were not observed.
The initial rapid and transient vasodilatator response was evoked by all doses of 5-HT, without a clear dose dependency (see Figure 1) . Similar effects of intraarterially infused 5-HT were shown by Roddie et al., 5 but the explanation is still open to speculation. From the present study it can be concluded only that /3-adrenergic receptors and 5-HT 2 receptors were not involved, since this initial response was influenced neither by propranolol nor by ketanserin. A possible explanation for this phenomenon is a 5-HT-triggered release of endothelium-derived relaxing factor (EDRF) although in that case a dose-dependent phenomenon would have been expected. 30 " 32 Involvement of the cholinergic nervous system should also be considered, since there is convincing evidence that 5-HT can increase cholinergic activity 2 "*' 33~36 and that stimulation of cholinergic nerves can induce vasodilatation in this vascular bed. 3738 In this respect, acetylcholine is an important mediator for the release of EDRF.
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The lower doses of 5-HT produced a net increase in FBF, and FBF was reduced only at very high doses of 5-HT (see Figure 2) . These findings suggest that more than one 5-HT receptor subtype is present in the forearm vascular bed. From animal experiments it is known that ketanserin is a very potent and selective antagonist of 5-HT 2 receptors.
12 -l3 The reversal by ketanserin of the vasoconstriction evoked by a high dose of 5-HT (see Figures 3 and 6 ) strongly suggests that this constrictor response was mediated by 5-HT 2 receptors. The 5-HT 2 -antagonistic potency of ketanserin in humans has been shown only for the inhibition of platelet aggregation,"' 4I ' 42 and to our knowledge the present experiments are the first demonstration of 5-HT 2 receptor antagonism by ketanserin in a human vascular bed in vivo.
The resistance of the 5-HT-evoked vasodilatation to 5-HT 2 blockade (see Figure 4) suggests the presence of a different 5-HT receptor subtype in the peripheral vascular bed of the forearm. 7 Based on the literature it seems most likely that so-called 5-HT,-like receptors are involved in this vasodilator response to low doses of 5-HT. 7 -9 3 3 4 3 4 4 These 5-HT,-like receptors are thought to be located on endothelial cells, where they appear to trigger the release of EDRF upon stimulation. 9 ' 3O~32 ' 43 ' 45 Another mechanism involved in the 5-HT-mediated vascular relaxation could be the inhibition of norepinephrine release from sympathetic nerve terminals by presynaptic 5-HT,-like receptors. 4647 In the present study ketanserin enhanced the 5-HT-induced vasodilatation (see Figure 4) . This finding suggests that low doses of 5-HT stimulate 5-HT 2 receptors, but this effect is masked by the prevailing vasodilatation. This 5-HT 2 receptor stimulation by low doses of 5-HT could have pathophysiological relevance. Since propranolol had no effect on the 5-HTinduced vasodilatation, the involvement of/3-adrenergic receptors was excluded. 43 It could be calculated that during the infusions of the vasodilator doses of 5-HT (0.1-10 ng/kg/min) the 5-HT plasma concentrations in the forearm were in the range of 2 to 20 nM. Recently, Anderson et al. 48 have shown that under physiological circumstances the plasma concentration of free 5-HT is about 2 nM. Therefore, the main conclusion from the present experiments with 5-HT in healthy volunteers must be that this biogenic amine acts predominantly as a vasodilator, probably as a result of 5-HT,-like receptor stimulation, and that only at very high doses can a net vasoconstriction, mediated by 5-HT 2 receptor stimulation, be expected.
Local infusion of ketanserin elicited a dose-dependent vasodilatation in the forearm (see Figure 3) . Since ketanserin is known to have an affinity for 5-HT 2 receptors as well as for a r adrenergic receptors, 12 l3 ' l3> *>• 21 blockade of either receptor population potentially can be held responsible for this vasodilatation. In the present study the a,-adrenergic blocking effect of ketanserin was confirmed by the finding that it significantly reduced the vasoconstrictor response to the selective a,-agonist methoxamine. 49 Similar results were found for tyramine, which acts as an indirect agonist of a-adrenergic receptors by displacing norepinephrine from the sympathetic nerve endings, 50 ' 5I thus providing evidence that ketanserin also is able to counteract a vasoconstrictor response induced by endogenously released norepinephrine. Although the a r blocking effect of ketanserin has been regarded as weak by several investigators, 23 ' 52~54 the present study clearly showed that this effect of ketanserin in this particular vascular bed occurred at lower doses than are needed for 5-HT 2 blockade (see Figures 5 and 6 ). Since it was demonstrated that 5-HT evokes mainly a vasodilator response in the forearm and that ketanserin is a more potent antagonist of a,-adrenergic receptors than of 5-HT 2 receptors in this particular vascular bed, it seems very likely that a r blockade is responsible for the observed vasodilatation. Whether this peripheral a,-antagonism of ketanserin can explain its antihypertensive effects in humans is still controversial. 15 ' x -22~23 Our findings do not support an important role for 5-HT 2 receptor blockade as an explanation of the antihypertensive effect of ketanserin in uncomplicated hypertension and favor the relevance of a,-blockade in this respect. This view is in accordance with the study of Hosie et al. , 55 who found that the selective 5-HT 2 antagonist ritanserin, which is devoid of a r adrenergic receptor blocking activity, 14 does not lower blood pressure in humans. However, in elderly and hypertensive subjects the effect of ketanserin could be different. 10 This study showed that 5-HT acts mainly as a vasodilator in healthy volunteers, probably as a result of 5-HT,-like receptor stimulation. Only at very high doses of 5-HT was vasoconstriction observed, mediated by 5-HT 2 receptor stimulation. /3-Adrenergic receptors did not seem to be involved in the vascular response to 5-HT. The 5-HT 2 antagonist ketanserin proved to be a more potent antagonist of a,-adrenergic receptors than of 5-HT 2 receptors in the vascular bed of the forearm. 
